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OBJECTIVES

At the completion of this module, the technician will understand:

e the processes by which hydrogen is extracted from other substances

e how hydrogen is stored, and the inherent advantages and disadvantages of each

method

e how hydrogen is transported, and the inherent advantages and disadvantages of

each method
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2.1 Hydrogen Manufacture

The fundamental question underlying the use of hydrogen as
a fuel is, Where do we get it from? Despite its abundance in
the universe, hydrogen does not occur freely on earth, as it
reacts very readily with other elements. For this reason, the
vast majority of hydrogen is bound into molecular com-
pounds.

To obtain hydrogen means to remove it from these other
molecules. With respect to the energy required, it is easy to
remove hydrogen from compounds that are at a higher en-
ergy state, such as fossil fuels. This process releases energy,
reducing the amount of process energy required. It takes
more energy to extract hydrogen from compounds that are at
a lower energy state, such as water, as energy has to be
added to the process.

The process of extracting hydrogen from fossil fuels is called
reforming. Today, this is the principal and least expensive
method of producing hydrogen. Unfortunately, reforming
emits pollutants and consumes non-renewable fuels.

The process of extracting hydrogen from water is called elec-
trolysis. In principal, electrolysis can be entirely non-
polluting and renewable, but it requires the input of large
amounts of electrical energy. Consequently, the total envi-
ronmental impact of acquiring hydrogen through electrolysis
is largely dependent on the impacts of the source power.

One way to assess the comparative environmental impact of
electrolysis and the reforming of various fuels is by compar-
ing the total amount of carbon dioxide emitted. A recent
study used a Mercedes-Benz A-Class car as the basis for
comparison, and calculated the total carbon dioxide emis-
sions per 1000 km of travel. The total carbon dioxide emis-
sions include those from the car’s tailpipe, the fuel
processor, and the powerplant that supplied the energy to
the fuel processor.

The results of the study, shown in Figure 2-1, clearly indi-
cate that environmental cleanliness of hydrogen is directly
linked to its mode of manufacture. Although not included in
the study, hydrogen derived from renewable, non-fossil en-
ergy sources would likely have no carbon dioxide emissions.

Key Points & Notes
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248 kg CO, per 1,000 km

70 kg CO, Fuel Cell Car Using Hydrogen From
per 1,000 km a Large Natural Gas Reformer

Standard Internal Combustion Engine
Using Gasoline

Fuel Cell Car Using Hydrogen From
237 kg CO, per 1,000 km Electrolysis with Electric Power Generated
Using a Natural Gas Powerplant

Fuel Cell Car Using Hydrogen From
193 kg CO, per 1,000 km an On-Board Gasoline Reformer
Fuel Cell Car Using Hydrogen From
162 kg CO, per 1,000 km an On-Board Methanol Reformer
80 kg CO, Fuel Cell Car Using Hydrogen From
per 1,000 km a Small Natural Gas Reformer

Mercedes-Benz A-Class car used as basis of comparison.

Figure 2-1 Total Carbon Dioxide Emissions for Comparative Hydrogen
Production Methods

Alternative methods of hydrogen production include thermo-
chemical water decomposition, photoconversions, photobi-
ological processes, production from biomass, and industrial
processes. Although some of these methods show promise
for the future, they are still largely experimental and capable
of supplying only small amounts of hydrogen.

Hydrogen can be produced on a large scale at dedicated
hydrogen production plants, or on a small scale at local
production facilities. Large-scale production benefits from
economies of scale and plants can be located near power and
water, but suffers from the difficulties of hydrogen transpor-
tation. Some methods of hydrogen production, such as from
coal or biomass, can only be undertaken on a large scale.

Small scale production can reduce the problems of hydrogen
transportation by using energy that is easily brought to the
facility, such as electricity, natural gas or solar. On the
downside, the amount of equipment required for the amount
of hydrogen produced is significantly higher than for large-
scale facilities, due to the economy of scale.

At the extreme small scale, fossil fuels could be reformed to
hydrogen on board a fuel cell vehicle, but the systems are
complex and costly.

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001
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Currently, the vast majority of all hydrogen manufactured
worldwide originates from fossil fuels, as a byproduct in
chemical industries, or crude oil refining processes. Hydro-
gen production from renewable energy is not yet feasible on
a large scale.

Production of hydrogen currently costs from 3 to 15 times
more than natural gas, and from 1.5 to 9 times more than
gasoline, depending on the method used. When extracted
from fossil fuels, the initial production and refining of the
fuel further increases the total cost.

2.1.1 Electrolysis

In electrolysis, electricity is used to decompose water into its
elemental components: hydrogen and oxygen. Electrolysis is
often touted as the preferred method of hydrogen production
as it is the only process that need not rely on fossil fuels. It
also has high product purity, and is feasible on small and
large scales. Electrolysis can operate over a wide range of
electrical energy capacities, for example, taking advantages
of more abundant electricity at night.

At the heart of electrolysis is an electrolyzer. An electrolyzer
is a series of cells each with a positive and negative elec-
trode. The electrodes are immersed in water that has been
made electrically conductive, achieved by adding hydrogen
or hydroxyl ions, usually in the form of alkaline potassium
hydroxide (KOH).

The anode (positive electrode) is typically made of nickel and
copper and is coated with oxides of metals such as manga-
nese, tungsten and ruthenium. The anode metals allow
quick pairing of atomic oxygen into oxygen pairs at the elec-
trode surface.

The cathode (negative electrode) is typically made of nickel,
coated with small quantities of platinum as a catalyst. The
catalyst allows quick pairing of atomic hydrogen into pairs at
the electrode surface and thereby increases the rate of hy-
drogen production. Without the catalyst, atomic hydrogen
would build up on the electrode and block current flow.

A gas separator, or diaphragm, is used to prevent intermix-
ing of the hydrogen and oxygen although it allows free pas-
sage of ions. It is usually made of an asbestos-based
material, and tends to break apart above 176 °F (80 °C).

Key Points & Notes
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Figure 2-2 Typical Electrolysis Cell

The reactions at the cathode are:

(1) K'+e =K

(2) K+H,O0=>K"+H+OH"

(3) H+H=>H,

a positively charged potas-
sium ion is reduced

the ion reacts with water to
form a hydrogen atom and a
hydroxyl ion

the highly reactive hydrogen
atom then bonds to the
metal of the cathode and
combines with another
bound hydrogen atom to
form a hydrogen molecule
that leaves the cathode as a
gas

The reactions at the anode are:

(1) OH =>OH + e

(2) OH=>%H,0 + %0

a negatively charged hy-
droxyl ion is oxidized

the ion reacts to form water
and an oxygen atom

Key Points & Notes
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3) O+0=0;, the highly reactive oxygen

atom then bonds to the
metal of the anode and com-
bines with another bound
oxygen atom to form an
oxygen molecule that leaves
the anode as a gas

The rate of hydrogen generation is related to the current
density (the amount of current divided by the electrode area
measured in amps per area). In general, the higher the cur-
rent density, the higher the source voltage required, and the
higher the power cost per unit of hydrogen. However, higher
voltages decrease the overall size of the electrolyzer and
therefore result in a lower capital cost. State-of-the-art elec-
trolyzers are reliable, have energy efficiencies of 65 to 80%
and operate at current densities of about 186 A/ft2 (2000
A/m?2).

This large electrolyzer consumes a
maximum of 240 HP (180 kW) of
electrical power while generating

1,400 sft’/hr (660 slpm) of hydrogen.
The hydrogen is delivered at up to
5,000 psig (345 barg) using an

integral compressor. hydrogen everyuia e, anyine
for everybedy

This small electrolyzer consumes
10 HP (7.5 kW) of electrical power
while generating a maximum of 42
sft’/hr (20 slpm) of hydrogen. The
hydrogen is delivered at 30 to 100
psig (1 to 6.9 barg) at 99.7% purity.

Figure 2-3 Electrolyzers
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A fuel cell reverses the process of electrolysis. Electrolysis
adds electrical energy to low-energy water to release two
high-energy gases. A fuel cell allows the gases to react and
combine to form water, releasing electrical power. Both proc-
esses release heat, which represents an energy loss.

For electrolysis, the amount of electrical energy required can
be somewhat offset by adding heat energy to the reaction.
The minimum amount of voltage required to decompose
water is 1.23 V at 77 °F (25 °C). At this voltage, the reaction
requires heat energy from the outside to proceed. At 1.47 V
(and same temperature) no input heat is required. At greater
voltages (and same temperature) heat is released into the
surroundings during water decomposition.

Operating the electrolyzer at lower voltages with added heat
is advantageous, as heat energy is usually cheaper than
electricity, and can be recirculated within the process. Fur-
thermore, the efficiency of the electrolysis increases with
increased operating temperature.

When viewed together with fuel cells, hydrogen produced
through electrolysis can be seen as a way of storing electrical
energy as a gas until it is needed. Hydrogen produced by
electrolysis is therefore the energy carrier, not the energy
source. The energy source derives from an external power
generating plant. In this sense, the process of electrolysis is
not very different from charging a battery, which also stores
electrical energy. Viewed as an electricity storage medium,
hydrogen is competitive with batteries in terms of weight and
cost.

To be truly clean, the electrical power stored during elec-
trolysis must derive from non-polluting, renewable sources.
If the power is derived from natural gas or coal, the pollution
has not been eliminated, only pushed upstream. In addition,
every energy transformation has an associate energy loss.
Consequently, fossil fuels may be used with greater effi-
ciency by means other than by driving the electrolysis of
hydrogen. Furthermore, the cost of burning fossil fuels to
generate electricity for electrolysis is three to five times that
of reforming the hydrogen directly from the fossil fuel.

Key Points & Notes

The approximate efficiencies
of modern thermal power
stations are:

Nuclear: 30-33%
Natural gas: 30-40%
Coal: 33-38%

Oil: 34-40%
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Direct Use:

C(:lirsnsiﬁ?l Heat —» Mechanical
Electrolysis:

C(:li?siﬁ?l —» Electrical —» (ST::ECSL) —> o(r:oLrigB:‘Z?tci);n Hggtcﬁrri]g;?r —» Mechanical

Figure 2-4 Energy Transformation Processes Based on Fossil Fuels

Non-polluting renewable energy sources include hydroelec-
tric, solar photovoltaic, solar thermal and wind. These meth-
ods of power generation are applicable only in specific
geographic or climatic conditions. Furthermore, with the
exception of hydroelectric, each of these power sources is
intermittent. Despite growth in the use of these energy
sources, they currently provide a very small amount of the
power consumed today.

Hydroelectric power generation uses the energy of moving
water to turn turbines that in turn rotate generators. Hy-
droelectric power is only feasible in areas with major rivers
that undergo significant changes in height. Most suitable
locations worldwide have already been developed. Hydro-
electric power is a cheap source of clean power especially
when utilizing excess, off-peak power. The efficiency of hy-
droelectric power generation can top 80%. This is probably
the optimum form of renewable energy although the envi-
ronmental and ecological cost of dams is high.

Solar electric power generation uses banks of solar cells to
convert the energy of the sun directly into electrical power.
Solar power is only feasible in areas with significant
amounts of intense sunlight and requires large tracts of land
to generate sufficient levels of power. The efficiency of solar
cells currently ranges from 3 to 17%.

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001
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Tracking Array
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Figure 2-5 Solar Cell Array

Solar thermal power generation starts by concentrating the
sun’s heat into a fluid that has a high heat-carrying capac-
ity, such as oil. The oil’s heat is transferred through heat
exchangers to water, generating steam for a steam turbine
generator. Like solar electric power generation, solar thermal
power generation is only feasible in areas with significant
amounts of intense sunlight and requires large tracts of land
in order to generate sufficient levels of power. The overall
efficiency of converting sunlight to electricity for these sys-
tems is about 8 to 24% depending on the type of technology
used.

Wind power generation uses the energy of moving air to turn
turbines that in turn rotate generators. Wind power is only
feasible in areas with favorable wind conditions and requires
large tracts of land in order to generate sufficient levels of
power. Wind has low energy density and wind turbines oper-
ating at optimum conditions (design speed) may obtain 30%
efficiency at best. Real-world operating conditions may re-
duce this efficiency considerably.

Although a renewable energy source in conjunction with
electrolysis would eliminate the dependence on fossil fuels, it
does not reduce the number of energy transformations re-
quired to produce mechanical work using hydrogen. If clean,
renewable power were available, it could also be used in
other ways that require fewer energy transformations, such
as direct storage in batteries or to compress air for propul-
sion.

Key Points & Notes

This solar cell array contains
tracking and flat cells which
can generate a combined
rated total of 50 HP (37 kW)
in bright sunlight. The power
is supplied at 360 VDC with a
maximum current of 103 A.

Wind Turbines

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001




PAGE 2-9

Hydrogen Fuel
Cell Engines

MODULE 2: HYDROGEN USE

Another consideration associated with electrolysis is the
source of water. Water is already a precious commodity, and
would be consumed in vast quantities in order to support a
large hydrogen economy. The water would also have to be
purified prior to use, increasing its cost.

2.1.2 Reforming

Reforming is a chemical process that reacts hydrogen-
containing fuels in the presence of steam, oxygen, or both
into a hydrogen-rich gas stream. When applied to solid fuels
the reforming process is called gasification. The resulting
hydrogen-rich gas mixture is called reformate. The equip-
ment used to produce reformate is known as a reformer or
fuel processor.

The specific composition of the reformate depends on the
source fuel and the process used, but it always contains
other compounds such as nitrogen, carbon dioxide, carbon
monoxide and some of the unreacted source fuel. When
hydrogen is removed from the reformate, the remaining gas
mixture is called raffinate.

In essence, reforming a fossil fuel consists of the following
steps:

1.
2.

The reforming reactions require the input of water and heat.
Overall reformer thermal efficiency is calculated as the LHV
of the product hydrogen divided by the LHV of the total input
fuel. This thermal efficiency depends on the efficiencies of
the individual processes, the effectiveness to which heat can
be transferred from one process to another, and the amount
of energy that can be recovered through means such as
turbochargers. In the end, high temperature reformer effi-
ciencies are approximately 65% and low temperature
methanol reformers can achieve 70 to 75%.

The advantages of reforming fossil fuels are that they:

Feedstock purification (including sulfur removal).

Steam reforming or oxidation of feedstock to form hydro-
gen and carbon oxides.

Primary purification—conversion of carbon monoxide to
carbon dioxide.

Secondary purification—further reduction of carbon
monoxide.

uses existing fuel infrastructures

reduces the need to transport and store hydrogen

Key Points & Notes
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e does not need the input of large amounts of energy as in
electrolysis

e is less expensive than other hydrogen production meth-
ods

The disadvantages of reformers are that they:

e can have relatively long warm-up times

e are difficult to apply to vehicle engines because of irregu-
lar demands for power (transient response)

e are complex, large and expensive

e introduce additional losses into the energy conversion
process, especially those that have small thermal mass

e use non-renewable fossil fuels

e generate pollution

The pollution generated by reformers take three forms:

e carbon dioxide emissions

¢ incomplete reactions, leaving carbon monoxide and some
of the source fuel in the reformate

e production of pollutants through combustion, such as
nitrous oxides

Reforming fossil fuels only makes sense if the hydrogen is
needed directly, as in a fuel cell engine. For internal combus-
tion engines, it is always more efficient to use the fossil fuel
directly without passing it through a reformer first.

Medium- or large-size reformers can be installed at fuel cell
vehicle fueling stations. At these scales, the equipment com-
plexity, warmup time and transient response are not issues,
pollutants can be controlled more effectively, and existing
power infrastructures can be used. The facility must store
only small amounts of hydrogen, and hydrogen transporta-
tion is avoided.

Small-size reformers can be installed in fuel cell vehicles to
entirely eliminate the problems associated with fueling,
storing and handling hydrogen directly. In fact, many fuel
cell experts think that the true challenge in fuel cell engine
design now lies in the development of an efficient, compact,
reliable and highly integrated fuel processor. Other experts
think that the use of on-board reformers will never pose a
realistic solution due to their size, complexity and cost.

Key Points & Notes
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Figure 2-6 Medium-Scale Natural Gas Reformer
2.1.2.1 Potential Reforming Fuels

In theory, any hydrocarbon or alcohol fuel can serve as a
feedstock to the reforming process. Naturally, fuels with
existing distribution infrastructures are the most commonly
used.

Methane (Natural Gas)

Natural gas has a well-established infrastructure and is the
most economical of all reforming feedstocks. Natural gas
contains low levels of sulfur compounds (primarily mercap-
tans) that must be removed, as they would block active cata-
lyst sites in the reformer and fuel cells. These sulfur
compounds requires fuel purification (hydro-desulfurization)
prior to reforming.

This natural gas reformer uses
a partial oxidation reation, a
water/gas shift reaction, and
pressure swing adsorption
techniques to generate up to
4,200 sft'/hr (1,980 slpm) of
hydrogen. The hydrogen purity
is 99.999%. Maximum water
consumption is 4,000 gal/day
(15,100 L/day).

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001
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Figure 2-7 Typical Fuel Cell Process Schematic with Integral Natural Gas
Stationary Reformer

Since methane is a gas at atmospheric conditions, it cannot
be used to advantage on an on-board vehicular fuel proces-
sor, although it is an excellent source for stationary fuel
reformers. Propane has similar reforming characteristics to
natural gas.

Methanol

Methanol is readily available and is a favorite for on-board
vehicular fuel processors as it can be reformed at relatively
low temperatures of 390 to 570 °F (200 to 300 °C). However,
methanol has lower energy content and energy density than
liquid hydrocarbon fuels.

Gasoline and Diesel

Gasoline and diesel have very well established infrastruc-
tures but have a lower hydrogen-to-carbon ratio than other
feedstocks. This results in a lower hydrogen yield relative to
the amount of waste gas. In general, heavier hydrocarbons

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001
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also contain sulfur trapped in long chains and cyclic com- Key Points & Notes
pounds that typically require higher processing pressures of
90 to 650 psig (6 to 45 barg) to remove.

In addition, petroleum products include compounds called
olefins and aromatics that result from the refining process.
Olefins are highly reactive and tend to form polymer gums or
carbon. Aromatics are very stable and difficult to reform and
may form carbon. Both gum and carbon formation block
active catalyst sites and their formation are highly depend-
ent on processing temperature. The presence of sulfur, olefin
and aromatic compounds requires fuel purification and pre-
reforming processes prior to reforming.

Coal Aromatic

Coal has enormous supply potential but suffers from high
impurity levels, low hydrogen yield, and is difficult to handle.
Coal could only be reformed at large dedicated facilities and
therefore faces the problems associated with transporting
and storing hydrogen. Currently, coal reforming is the most
expensive of all reforming methods.

Reformate Composition Comparison

Typical reformate compositions are indicated in Table 2-1.
For each source fuel, the yield is calculated based on both
steam reforming and partial oxidation (POX) reforming tech-
niques. In both cases, the resulting carbon monoxide is then
converted to carbon dioxide using a water/gas shift reaction
followed by a selective oxidation reaction. (These techniques
are described in the sections that follow.)

Methane Methanol Gasoline/Diesel ‘ ‘
Steam POX Steam POX Steam POX ‘ Steam

Hydrogen 75.7% 47.3% 71.1% 37.8% 71.1% 37.8% 63.1% 23.6%
Nitrogen 1.9% 33.5% 1.9% 39.8% 1.9% 39.8% 1.9% 49.2%
Carbon 19.9% 16.7% 24.5% 19.9% 24.5% 19.9% 32.5% 24.7%
Dioxide

Source 2.5% 2.5% 2.5% 2.5% 2.5% 2.5% 2.5% 2.5%
Fuel/Other

Table 2-1 Typical Reformate Compositions

All oxygen is added in the form of air. Any excess water used
in the reforming or purification reactions may contribute to
the humidification of the gas mixture, but is not indicated as
a portion of the overall mixture.

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001
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Reformate can be used directly in (PEM) fuel cells instead of
pure hydrogen although this has five important implications:

e Firstly, the carbon monoxide and source fuel impurities
must be reduced to acceptable levels, as they are fuel cell
poisons.

e Secondly, any unreacted liquid source fuel that passes
into the fuel cells obstructs the power generation reac-
tion.

o Thirdly, although nitrogen, carbon dioxide and gaseous
source fuels pass through the fuel cells without detri-
mental effect, they dilute the amount of hydrogen present
so that the fuel cell stacks and affiliated system equip-
ment must be larger than if running on pure hydrogen.

e Fourthly, the presence of gases other than hydrogen
precludes the use of the fuel in a “dead-ended” manner:
pure hydrogen can be recirculated through a fuel cell un-
til entirely consumed, whereas reformate must pass
through and be vented to prevent the steady accumula-
tion of non-reactive gases. Since fuel cells must operate
with more fuel than is stoichiometrically required, this
results in direct hydrogen wastage with an associated
overall loss in efficiency.

o Fifthly, use of reformate usually eliminates the need for a
fuel humidifier since the reforming process leaves the gas
saturated with water.

2.1.2.2 Types of Reformers

Reformers are of three basic types: steam reformers, partial
oxidation reactors and thermal decomposition reactors. A
fourth type results from the combination of partial oxidation
and steam reforming in a single reactor, called an autother-
mal reformer.

Steam Reformers

Steam reformers are currently the most efficient, economical
and widely used technique of hydrogen production. Steam
reforming is based on the principal that hydrogen-containing
fuels decompose in the presence of steam over nickel-based
catalysts to produce a mixture of hydrogen and carbon mon-
oxide. The steam reforming process is illustrated schemati-
cally in Figure 2-8. The overall reaction for generic
hydrocarbons is:

CiHm + nHO + heat=>n CO + (n + m/2) H,

Key Points & Notes

When applied to methane, the
overall reaction reduces to:

CH4 + Hzo + heat =
CO,+2H,

For methanol:

CH3OH + Hzo + heat =>
CO, + 3 H,

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001
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The output products also contain some unreacted source
fuel and water. In addition, only light hydrocarbons can be
completely vaporized without leaving a carbon residue. The
carbon monoxide must be converted to carbon dioxide using
supplementary processes (Section 2.1.2.3).

A great benefit of steam reforming is that the hydrogen pre-
sent in the water is released during the reaction and con-
tributes to the overall hydrogen yield.

The steam reforming process typically requires temperatures
of 840 to 1700 °F (450 °C to 925 °C) and pressures of ap-
proximately 290 to 500 psig (20 to 35 barg). These tempera-
tures are achieved through combustion of a portion of the
reformate. These flame temperatures are too low to form
nitrous oxides, which begin forming at temperatures above
2700 °F (1480 °C).

Since the overall steam reforming reaction is endothermic
(uses heat), the bulk of the heat energy can be recovered by
feeding it back into the process. The extent to which the heat
energy is recovered determines the thermal efficiency of the
reformer, and can be as high as 85%. This high thermal
efficiency is the primary feature of steam reformers.

Thermal efficiencies can reach 90% when steam reforming
methanol. This is because the decomposition reaction occurs
at the much lower temperatures of 390 to 570 °F (200 to 300
°C), decreasing thermal losses accordingly.

In addition to temperature and pressure, the fuel-to-water
ratio plays a significant role in promoting the formation of
hydrogen while suppressing undesired reactions. This water
must either be drawn from an external source, or, if used in
conjunction with a fuel cell, drawn from the fuel cell product
water stream.

The complex interactions between the fuel-to-water ratio,
available heat, thermal mass and hydrogen demand result in
relatively slow startup characteristics and poor response to
transient demands for steam reformers. As a result, steam
reformers for automotive applications require complex con-
trol systems and creative engineering practices. Designs
must be optimized to provide high surface area for heat
transfer, high thermal inertia during transients and compact
reactor dimensions.
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> Fuid

Reformate

CH,+nHO®= nCO+ (n+m/2) H,

Figure 2-8 Steam Reforming Process

Steam reformers are not inherently compact. For a typical
car, a methanol steam reformer would need a catalyst vol-
ume of 1.3 to 1.8 gallons (S to 7 L) and a tank volume for the
methanol/water mixture about three times the size of a
comparable gasoline or diesel tank.

Partial Oxidation Reformers

Partial oxidation reformers (or “POX” reformers) react a lean
mixture of oxygen (air) with fuel to produce a mixture of
hydrogen and carbon monoxide. The partial oxidation proc-
ess is illustrated schematically in Figure 2-9. The overall
reaction for generic hydrocarbons is:

C.Hn +n/2 O, =>n CO + m/2 H, + heat

Since partial oxidation reformers use oxygen from air, nitro-
gen passes through the reactor along with the reaction
products, thereby diluting the fuel stream. The output prod-
ucts also contain some unreacted source fuel. The carbon
monoxide must be converted to carbon dioxide using sup-
plementary processes (Section 2.1.2.3).

Unlike stream reformers, partial oxidation reformers are
typically used to reform heavier hydrocarbons such as gaso-
line, diesel and heavy oil. A form of partial oxidation is used
to gasify coal although the presence of sulfur and large
amounts of ash, both of which must be removed, further
complicates this process. These processes do not use cata-
lysts and occur at 2100 to 2400 °F (1150 to 1315 °C) and on
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the order of 880 psig (60 barg). Lighter hydrocarbons, such
as methane, can be partially oxidized using catalysts at 1090
°F (590 °C).

Fuel Air (Oxygen)

\A/

vy

Heat Reformate

CH_+(n/2) 0, => n CO + (m/2) H,

Figure 2-9 Partial Oxidation Process

Partial oxidation reformers offer both disadvantages and
advantages compared to stream reformers. The key disad-
vantages of partial oxidation reformers are higher operating
temperatures and pressures, lower thermal efficiency and
lower hydrogen yield. The lower thermal efficiency stems
primarily from the fact that the oxidation process in exo-
thermic (releases heat). This means that a significant portion
of the inlet fuel energy ends up as heat, which cannot be
utilized by the reactor itself, nor by the fuel cell. The lower
yield results from the fact that additional hydrogen is not
added to the reaction in the form of water. The hydrogen
yield is also diluted by large amounts of nitrogen when the
oxygen is added in the form of air.

Larger heat rejection requirements also result in higher
parasitic cooling losses. In a pressurized partial oxidation
reactor, some of the waste energy can be recovered using a
burner/turboexpander combination to help pressurize the
fuel cell process air. Nonetheless, exothermic partial oxida-
tion reformers always face an overall efficiency handicap of 5
to 10% compared to endothermic steam reformers.

The effect of increased hydrogen dilution (due to the pres-
ence of nitrogen) increases the size of supplemental refor-

Key Points & Notes

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001




PAGE 2-18

Hydrogen Fuel

Cell Engines MODULE 2: HYDROGEN USE

mate purification equipment, and requires a larger fuel cell
stack for a given power output.

The key advantages of partial oxidation reformers are their
relative compactness, and potentially good startup and load-
following characteristics. The improvement in these areas is
related to the exothermic nature of the oxidation reaction —
there is no time lag for heat transfer from external sources.
Furthermore, partial oxidation processes offer the potential
to use readily available gasoline and diesel supplies.

Autothermal Reformers

Autothermal reformers attempt to combine the compactness
and load following capabilities of partial oxidation reactors
with the efficiency of steam reformers by combining the two
reactors in one unit. The autothermal process is illustrated
schematically in Figure 2-10. The overall reactions for ge-
neric hydrocarbons are:

C.Hn+n/2 O, =>n CO + m/2 H, + heat
CiHn + nHO + heat=>n CO + (n + m/2) H,

Steam
Fuel Air (Oxygen)

Reformate

CH,+(n/2)0, = nCO +(m/2) H,
CH_ +nH,0 = nCO + (n+m/2) H,

Figure 2-10 Autothermal Process

In an autothermal reformer, fuel, steam and oxygen (or air)
are fed over a mixed catalyst bed that supports both partial
oxidation and steam reforming reactions. The heat generated
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by the partial oxidation reaction provides the heat required
for the steam reforming reaction, and removes the need for
an external burner or heat source. This process requires
careful thermal integration and tight controls to ensure heat
balance and temperature matching between the two reac-
tions.

While autothermal reformers overcome some of the efficiency
limitations of partial oxidation reformers, they still operate at
efficiencies below those of steam reformers and result in a
dilute hydrogen stream. Furthermore, autothermal reformers
are the least developed of all reformer systems and still re-
quire significant engineering effort before they become prac-
tical.

Thermal Decomposition Reformers

Thermal decomposition reformers (or “catalytic crackers”)
use heat to break down source fuels yielding high purity
hydrogen (>95%) and solid carbon. The thermal decomposi-
tion process is illustrated schematically in Figure 2-11. The
overall reaction for generic hydrocarbons is:

C.Hn,+heat=>nC + m/2 H,

Fuel

v

Cooler
Fluid

Reformate

CH.,=nC+(m/2)H,

Figure 2-11 Thermal Decomposition Process

Thermal decomposition reformers are very compact with
quick startup and load-following characteristics but have the
lowest thermal efficiency of any of the reforming systems
(55-65%). The thermal efficiency is so low partly because a
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great deal of the source fuel’s energy remains trapped in the
product carbon (rather than in the lower energy forms of
carbon monoxide or carbon dioxide). Efficiencies would im-
prove significantly if the product carbon could be burned for
heat generation, but this would lead to undesirable emission
levels of nitrous oxides and would substantially increase
system complexity.

2.1.2.3 Reformate Purification

Steam, partial oxidation and autothermal reformers all con-
vert the carbon contained in the source fuel into carbon
monoxide. Depending on the feedstock, the reformate stream
can also include sulfur compounds, liquid methanol other
contaminants. All of these compounds poison or degrade fuel
cell performance and must be removed to very low levels. For
example, alkaline fuel cells can tolerate no more than 3% (by
volume) carbon monoxide, and PEM fuel cells can tolerate no
more than 50 ppm carbon monoxide. Other reformate gases,
such as nitrogen and carbon dioxide, dilute fuel cell per-
formance but do not damage the cells.

Reformate purification is a two-stage process. In the first
stage, the bulk of the carbon monoxide is transformed into
carbon dioxide using a water/gas shift reaction. In the sec-
ond stage, the amount of carbon monoxide is further re-
duced using selective oxidation or methanation reactions,
and/or the hydrogen is extracted from the reformate stream
using a pressure swing adsorption process or by means of
metal separation membranes.

The amount of reformate purification chosen is a trade-off
between fuel cell longevity and performance, and overall
system complexity, size and cost.

Water/Gas Shift Reaction

The water/gas shift reaction reacts carbon monoxide with
steam over a catalyst to produce a mixture of hydrogen and
carbon dioxide. The shift reaction process is illustrated
schematically in Figure 2-12. The overall reaction is:

CO + H,O <=> CO; + Hy + heat

The water/gas shift reaction can be performed using high-
temperature catalysts that support the reaction in excess of
570 °F (300 °C), or using low-temperature catalysts that
support the reaction to about 285 °F (150 °C).

The water/gas shift reaction is an exothermic process; this
heat can be recovered and used in other parts of the reform-
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ing process to improve the overall thermal efficiency. Some
shift reaction catalysts also oxidize exothermically when
exposed to air. This can result in high temperatures that can
pose a fire hazard and/or damage the catalyst.

Reformate Steam

\A/

vy

Heat Reformate

Figure 2-12 Water/Gas Shift Reaction Process

Like in a steam reformer, the water for the shift reaction
must either be drawn from an external source, or if used in
conjunction with a fuel cell, drawn from the fuel cell product
water stream.

The water/gas shift reaction is an efficient method of elimi-
nating the bulk of carbon monoxide in a reformate stream.
Carbon monoxide typically comprises between 15 and 60%
of the reformate stream, depending on the feedstock used.
The water/gas shift reaction can reduce this to levels less
than 1%, and even as low as 0.2%.

Selective Oxidation

Selective oxidation (or “selox”) is a chemical process that
reacts carbon monoxide with oxygen (air) over a catalyst to
produce carbon dioxide. The selective oxidation process is
illustrated schematically in Figure 2-13. The catalyst bed
facilitates both of the following competing reactions:

CO + %0, => CO, + heat
H, + 1.0, => H,O+ heat
The former reaction is preferred and is selected by control-

ling the temperature profile within the selective oxidizer.
Temperatures that are too high favor the water-producing
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reaction whereas temperatures that are too low result in
condensation. The selective oxidation reaction is an exo-
thermic process; this heat can be recovered and used in
other parts of the reforming process to improve the overall
thermal efficiency.

Reformate Air

\A/

CO + % H,

{

Cco,

A

Heat Reformate

Figure 2-13 Selective Oxidation Process

Selective oxidation is the most compact of all purification
methods and is capable of reducing carbon monoxide con-
tent to very low levels, such as 5 to 10 ppm. The main draw-
back of selective oxidizers is that they require complex
control systems, especially to maintain low carbon monoxide
levels during load transients.

Methanation

Methanation is a chemical process that reacts carbon mon-
oxide and carbon dioxide with hydrogen to produce methane
and water. The methanation process is illustrated schemati-
cally in Figure 2-14. The overall reactions are:

CO + 3 Hy, => CH4 + H,O + heat
CO,; +4 Hy,=>CH,4 + 2 H,O + heat

These reactions are the opposite of those that occur during
steam reforming of methane and are therefore reversing the
hydrogen production initially accomplished. If this process
were performed on the reformate stream directly, virtually all
of the product hydrogen would be consumed with no net
yield. However, if the carbon dioxide is removed prior to
methanation using some other means (such as pressure
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swing adsorption), the remaining carbon monoxide can be
successfully reduced to very low levels with little loss in
overall hydrogen yield.

When reforming methanol, the methanation process has the
side benefit of simultaneously converting previously unre-
acted methanol into carbon dioxide, hydrogen or methane.
This not only increases the hydrogen yield, but also reduces
the chance of liquid methanol entering the fuel cells where it
can obstruct the power generation reaction.

Reformate

CO +3H,

Heat Reformate

Figure 2-14 Methanation Process
Pressure Swing Adsorption (PSA)

Pressure swing adsorption (or “PSA”) is a common industrial
method of separating a gas mixture into its various compo-
nents. This technology has been used extensively in combi-
nation with steam reformers to extract hydrogen on an
industrial scale. Very high purity is attainable (99.99%)
while recovering up to 85% of the available hydrogen.

At the heart of the pressure swing adsorption process are
materials called zeolites. A zeolite is a mineral with a highly
structured crystalline surface that attracts gas molecules to
its surface and holds them there through physical adsorp-
tion (adsorb means “to stick to the surface of”. This is differ-
ent from absorb that means “to penetrate into the surface
of”). Many different types of zeolites are manufactured com-
mercially, each capable of selectively adsorbing specific
gases or groups of gases. Combinations of zeolites can there-
fore be tailored to form “molecular sieves” capable of trap-
ping unwanted gases while allowing desired gases to pass
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unaffected. Pressure swing adsorption devices are routinely
built to separate oxygen from air in the same manner that
hydrogen is separated from fuel.

Physical adsorption involves relatively weak “van der Waals”
and electrostatic forces. These bonds are easily broken when
subjected to pressure and flow variations. This principle is
used to flush the trapped unwanted gases out of the zeolites
after the purified product has been removed. The pressure
difference between the initial gas mixture and the exhaust
stream drives the process; hence the term pressure swing
adsorption. Repeated cycles result in a continuous flow of
purified product.

Specifically, the pressure swing adsorption process involves
four primary phases that together make up a complete cycle.
During the first, or “feed pressurization” phase, reformate
gas is introduced to the zeolite bed at high pressure. During
the second, or “production” phase, the unwanted gases are
adsorbed by the zeolites while purified hydrogen concen-
trates at the top of the bed and is drawn off. During the
third, or “depressurization” phase, the pressure is reduced
and some of the unwanted gases are expelled. During the
fourth, or “low pressure purge” phase, some of the pure
hydrogen gas is back-flushed through the bed at low pres-
sure in order to desorb and purge out the remaining un-
wanted gases. The pressure swing adsorption process is
illustrated schematically in Figure 2-15.
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Figure 2-15 Pressure Swing Adsorption Process

Conventional pressure swing adsorption machines use sta-
tionary beds filled with small porous pellets formed of zeolite
crystals mixed with a clay binder. These pellets can be as
small as 0.5 mm in diameter but are more typically 2 or 3
mm in diameter. This configuration results in a very high
surface area and therefore large adsorption capacity, but the
size and arrangement of the pellets inhibits rapid gas trans-
fer in and out of the pellets.

When operated quickly, the pellet arrangement results in a
high pressure drop, fluidization (the pellets lift with the gas
and act like a fluid), and attrition (the pellets rub together,
break apart, and disappear). To compensate, conventional
machines must operate at very low speed (typically at 0.5
cycles/min) and tend to be large. However, new develop-
ments in pressure swing adsorption technology use a pro-
prietary adsorbent structure and novel rotary valve
technology that allow two orders of magnitude increase in
the gas separation cycle speed without fluidization or attri-
tion. This allows the construction of devices that are a frac-
tion of the size of conventional units with the potential for
use on-board vehicles.
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Courtesy of QuestAir Technologies Inc.

Figure 2-16 QuestAir Technologies’ State-of-the-Art Compact Pressure
Swing Adsorption Device

The greatest problem associated with using pressure swing
adsorption in conjunction with fuel cells is the fact that the
gases that come into contact with the zeolites must be com-
pletely dry. This is because water adsorbs onto the surface of
the zeolites and forms strong bonds that involve electron
transfer and other strong forces. This is known as chemical
adsorption, and is different from the physical adsorption that
occurs with the waste gases.

Chemical adsorption b